Age effects on the signal characteristics of white matter (WM) were examined via magnetic resonance imaging (MRI). Global and local patterns of WM degeneration were demonstrated using a new image analysis methodology. Significant cross-sectional and longitudinal age effects were found in the WM, primarily in the left hemisphere. Importantly, signal changes, which likely reflect WM demyelination, and changes in water, protein and mineral content of tissue, were unrelated to volumetric changes. Thus, measures of tissue characteristics provide unique and complementary information to widely used measures of brain atrophy. Moreover, signal measurements displayed stronger associations with age and can potentially be more sensitive than volumetric measures as indicators of preclinical disease, because they reflect changes in the underlying tissue composition. To our knowledge, our study is the first documentation of longitudinal age-and region-dependent changes in magnetic resonance signal characteristics of WM fibers, reflecting underlying degenerative effects of aging.
Introduction
Magnetic resonance imaging (MRI) has been used extensively in studies of brain aging, because it provides high resolution in vivo images that may aid in the prediction of individuals at risk for memory impairment and Alzheimer's disease (Convit et al., 1997; Jack et al., 2000) . Many investigators have performed global or regional volumetric measurements of grey matter (GM), white matter (WM) and cerebrospinal f luid (CSF), characterizing the degree of brain atrophy with normal aging or disease (Coffey et al., 1992; Pfefferbaum et al., 1994; Kaye et al., 1997; Raz et al., 1997; Mueller et al., 1998; Pruessner et al., 2000) . Other studies have used the framework of shape transformations (Bookstein et al., 1989; Miller et al., 1993; Davatzikos et al., 1996; Thompson et al., 1997; Freeborough and Fox, 1998a; Davatzikos, 2000) to characterize local variability in brain morphology. Despite the large number of studies that measure brain shape and volume, there is a lack of analogous studies examining how the signal characteristics of different brain tissues are affected by normal or pathological aging. Some investigators have shown that image texture analysis can potentially be a useful tool for image-based diagnosis of A lzheimer's disease (Freeborough and Fox, 1998b; Kovalev et al., 2001) , but analyses to date have been performed for the whole brain and have not examined regional variability in signal characteristics. In this paper, we apply a new methodology based on high-dimensional elastic transformation to demonstrate substantial cross-sectional and longitudinal age and regional effects on the signal characteristics of GM and WM. We focus primarily on the signal properties of WM, because they ref lect changes in myelination of the underlying connective fibers in the brain and impact inter-regional transmission of information. Our results provide the first in vivo evidence of degenerative age changes in WM connectivity, measured by longitudinal changes in MRI signal characteristics in a group of nondemented older adults.
The characterization of signal changes with aging or disease provides important information that is complementar y to morphometric studies of regional brain volumes. The deposition of plaques and tangles in Alzheimer's disease is likely directly to inf luence the signal properties of affected tissue, since it changes the tissue composition. For example, changes in T 2 * proton signal in amyloid plaques have been identified with postmortem MRI and a high field magnet (Benveniste et al., 1999) . In contrast, morphometric studies only indirectly measure these changes via displacements that are observed at adjacent tissue boundaries and that allow for the definition of regions of interest and volumetric measurements (Goldszal et al., 1998; Collins et al., 1999) or for the calculation of shape deformation fields (Bookstein et al., 1989; Miller et al., 1993; Davatzikos et al., 1996; Thompson et al., 1997; Freeborough and Fox, 1998a; Gaser et al., 1999; Ashburner and Friston, 2000; Davatzikos, 2000) . However, such shape measurements are limited in many respects. In particular, marked shape changes are likely to occur at relatively late stages of the development of disease, when neuronal death and brain atrophy are observed. Moreover, these indirect shape changes may be small, depending on how close the affected tissue is to tissue boundaries and other features that can be reliably identified in tomographic images. Thus, quantification of global and local changes in tissue composition characteristics, ref lected by characteristics of the magnetic resonance signal, may provide additional information. This unique and complementar y information may enhance the preclinical detection of memory impairment and Alzheimer's disease.
Materials and Methods
Tissue signal characteristics and brain volumes were measured from 'spoiled grass' (SPGR) volumetric magnetic resonance images (axial acquisition; T R = 35 ms, T E = 5 ms, f lip angle = 45°, matrix = 256 × 256, field of view = 24 cm, N ex = 1) from 91 older adults, ranging in age from 59.6 to 85.9 years (mean ± SD 70.3 ± 7.0 years) at baseline evaluation. These individuals are participants in the neuroimaging substudy of the Baltimore Longitudinal Study of Aging (BLSA) and have completed at least 5 years of annual neuroimaging evaluations. The sample included 49 men and 42 women. Means ± SD for age were 70.3 ± 6.4 years for men and 70.4 ± 7.7 years for women. Eighty-two participants were Caucasian and nine were African-American; three men and two women were not right handed. Average education in this sample was 16.2 ± 2.7 years, consistent with the average educational level of the BLSA as a whole. In the present report, assessments at baseline (year 1) and years 3 and 5 were analyzed for examination of age differences and changes over 4 years in brain tissue characteristics. Volumetric data for years 1 and 2 are available (Resnick et al., 2000) . This study was approved by the local institutional review board and all subjects gave written informed consent.
To quantif y the signal characteristics of WM and GM, images were first segmented into GM, WM and CSF using an automated algorithm for tissue classification (Yan and Karp, 1995; Goldszal et al., 1998) . We first quantified global signal characteristics by determining the average grey and white matter intensities throughout the whole brain. To eliminate global signal scaling effects, a contrast ratio (CR) was calculated as the ratio of the difference between white and grey matter intensities to their average value. Moreover, in order to remove the effects of magnetic field inhomogeneities, we applied an iterative inhomogeneity correction algorithm that has been published and tested in the literature (Pham and Prince, 1999) . Longitudinal age changes, in contrast, were examined using mixed effects regression analysis as implemented by SAS v. 8.1 under OpenVMS. Age at baseline evaluation, sex and time (baseline, year 3, year 5) were entered as predictors and global contrast for each time point was the dependent measure.
The interpretation of global brain changes is inherently limited due to the high degree of functional specialization throughout the brain. To examine regionally specific effects of age, a voxel-wise regional signal analysis of the magnetic resonance images was performed, focusing on WM signal intensities. Images were first spatially normalized using a three-dimensional elastic warping method (Davatzikos, 1997) that placed the images into stereotaxic coordinate space (Talairach and Tournoux, 1988) and accounted for inter-individual variability in overall brain shape and size. Our elastic transformation was particularly designed to account for enlargement of the ventricles that is prominent in elderly subjects. Magnetic resonance signal characteristics at each WM voxel in the stereotaxic space were then determined. A regional contrast ratio (rCR) was calculated as:
where WM(x) is the local WM intensity at a voxel x and GM is the global average of the GM intensity throughout the whole brain. Values were normalized to the global GM intensity value to adjust for global scanner gain factors. To reduce noise, images were smoothed by averaging WM intensity values within a spherical neighborhood of 10 mm radius.
The significance of age differences and longitudinal changes in WM-rCR at each voxel location was examined via voxel-wise t-tests and paired t-tests, respectively. We examined age differences (59-69 versus 70-85 years at baseline) and longitudinal change over 4 years for the entire sample, as well as separately for men and women. Figure 1a shows the association between age and CR at baseline evaluation, indicating significant cross-sectional declines in CR with age for both men (r = -0.39, P < 0.01) and women (r = -0.62, P < 0.001). Consistent with the simple correlations, results of the mixed effects regression analysis revealed highly significant cross-sectional effects of age at baseline evaluation [F(1,91) = 38.3, P < 0.0001]. A highly significant effect of time [F(1,90) = 23.2, P < 0.0001] indicated longitudinal declines in the CR over the 4 year interval. Figure 1b shows a plot of the parameter estimates from the mixed effects regression analysis, illustrating linear differences between age groups and longitudinal changes within each group. There were no significant sex differences or interactions among predictors, indicating similar rates of change for men and women and for younger and older participants. The decrease in CR with age was independent of age-related changes in brain volume, as the correlations between longitudinal change in CR and longitudinal change in brain volumes were near 0 (r = 0.03 for total brain volume, r = -0.03 for WM volume, r = 0.06 for GM volume). This absence of significant associations between longitudinal changes in CR and volumes indicates that tissue contrast measurements provide unique information beyond that of the typically employed volumetric atrophy measurements.
Results
Results from our analysis of the rCR are shown in Figures 2 and 3, for men and women combined. To facilitate visualization of the results, we display the regions with significant age effects on an image that was created by averaging the GM distribution among all subjects after spatial normalization. In generating this average image, the exact same spatial transformations that were applied to the T 1 images were applied to the respective segmented images. Brighter regions of the image are more likely to contain GM. This average map provides a reference for anatomical localization of the obser ved age effects. Figure 2 shows cross-sectional effects of age examined via voxel-wise t-tests and Figure 3 shows longitudinal changes examined via voxel-wise paired t-tests. Both cross-sectional and longitudinal analyses revealed pronounced age effects on WM-rCR for frontal, parietal and temporal, but not occipital regions. In general, there was a clear inter-hemispheric difference for both cross-sectional and longitudinal results, with the left hemisphere showing larger age effects on WM-rCR. Inter-hemispheric differences were evident in the frontal and temporal regions, but pronounced age effects occurred bilaterally in the parietal WM. Longitudinal findings were more pronounced than cross-sectional age effects, likely due to the inherent increases in sensitivity for withinsubject longitudinal analyses, which reduce inter-individual variability. When men and women were analyzed separately, similar spatial patterns were obser ved with relatively lower degrees of statistical significance due to the smaller sample sizes. Statistical parametric maps were also generated to test for sex differences in rCR. There were no significant sex differences in the spatial pattern of rCR at baseline. Moreover, no significant differences in the spatial distribution of longitudinal changes were found between men and women.
Discussion
Our results provide the first demonstration of longitudinal age changes in GM-WM tissue contrast and in regional WM signal intensities, the latter implying degenerative age changes in WM connectivity. Factors that may lead to signal changes include WM demyelination and changes in water, protein and mineral content of tissue. In fact, decreases in myelin and increases in water content of WM are known to occur in normal aging (Wiggins et al., 1988) and age effects on T1 relaxation times have been reported (Cho et al., 1997) . It is also possible that neuropathological abnormalities, such as deposition of amyloid plaques, may be ref lected in signal changes in brain tissue. Our findings indicate that there are age-related changes in underlying tissue composition, but the cellular basis of these changes cannot be determined from standard magnetic resonance structural imaging protocols.
Our obser vations also demonstrate that degenerative age effects on WM connectivity are not uniform throughout the brain, but rather they have specific regional patterns. Most pronounced was the difference between left and right hemispheres, with the left hemisphere showing more rapid changes and larger age differences than the right hemisphere. This interhemispheric difference was pronounced primarily in frontal and temporal regions, and less pronounced in parietal association regions. Finally, occipital regions did not display any significant age differences or longitudinal changes, which is consistent with the relative preservation of functional activity in primary visual regions with aging (Murphy et al., 1996) . Our findings are complementary to recent studies using diffusion (Bozzao et al., 2001; O'Sullivan et al., 2001 ) and perfusion diffusion (Bozzao et al., 2001) imaging, which have indicated changes in magnetic resonance signal characteristics with normal and abnormal aging. A complete characterization of such changes will most likely require a combined approach that examines all aspects of the magnetic resonance signal. One of the unique elements of our study is the use of high-dimensional spatial normalization transformations, which enabled a voxel-wise statistical analysis, rather than the coarser region-of-interest-based analysis.
An important finding of our study is the lack of associations between age changes in signal intensity and brain atrophy. This indicates that measures of tissue characteristics provide unique and complementary information to widely used morphometric measures. Measurements based on rWM-CR show stronger associations with age and can potentially be more sensitive than volumetric measures as indicators of preclinical disease, because they ref lect changes in the underlying tissue composition. Volumetric changes are likely to occur later than signal changes, when loss of tissue causes displacement of well-identified features, such as tissue boundaries.
The extent to which subtle changes in periventricular regions contributed to local changes in these regions is unclear. It is important to note that our analysis was restricted to relatively healthy elderly subjects of the BLSA, who typically display only mild age-related periventricular signal abnormalities, often called 'hyperintensities' due to their bright appearance in T 2 -weighted images. Any more extreme periventricular signal abnormalities did not affect our signal analysis, because these regions are typically classified as GM in T 1 images and were therefore excluded from the analysis that was restricted to WM points. The local analysis is, by definition, restricted locally, so any such signal abnormalities will affect only the voxels in which they appear. Misclassification of WM signal abnormalities as GM was also not likely to affect the global analysis, because these regions account for a very small percentage of the total WM volume. One goal of our continued follow-up studies is to characterize the progression of signal changes and to determine whether regions initially showing subtle changes are those that are more likely to contain 'hyperintensities' with advancing age.
In summar y, our study is the first documentation of longitudinal age-and region-dependent changes in magnetic resonance signal characteristics of WM fibers, ref lecting underlying degenerative effects of aging. Due to the limitations of structural magnetic resonance imaging, our study does not delineate the specific neurobiological processes underlying these changes. However, our findings highlight the potential utility of a novel approach to analysis of magnetic resonance images and suggest clear directions for more detailed in vivo imaging (e.g. magnetic resonance spectroscopy) and postmortem neuropathological examinations. Continued longitudinal follow-ups of this sample will determine whether changes in tissue composition provide information useful in the preclinical identification of individuals vulnerable to memory problems and Alzheimer's disease.
